Abstract The conspicuous growth of a reef crest and the resulting differentiation of reef topography into a moat (shallow lagoon), crest and slope have long attracted the interest of scientists studying coral reefs. A geochemical model is here proposed for reef formation, taking into account diffusion-limited and light-enhanced calcification. First, to obtain data on net photosynthesis and calcification rates in the field, a typical coral community was cultured in situ on a reef flat. Using these data, equations including parameters for calcification were then developed and applied in computer simulations to model the development over time of reef profiles and the diffusion of carbon species. The reef topography simulated by the model was in general agreement with reef topography observed in nature. The process of reef growth as shown by the modeling was as follows. Increases in the shore-to-offshore gradients of the concentrations of carbonate species result from calcification by reef biota, giving a lower rate of growth on near-shore parts of the reef than on those further offshore. As a result, original topography is diversified into moat and reef crest for the first time. Reef growth on the reef crest is more rapid than in the inshore moat area, because more light is available at the crest. Reef growth on the nearshore side of the reef is further inhibited by damming of carbon-rich seawater on the seaward side of the reef by the reef crest. Over time, the topographic expression of the reef crest and moat becomes progressively more clearly defined by these geochemical processes.
Introduction
The upper parts of well-developed coral reefs have a unique topography that differs markedly from those of other marine coastal environments. Most of the fringing reefs of the Ryukyu Islands, for example, are characterized by both a convex ''reef crest'' and a concave ''moat'' (shallow lagoon). These structures are common, differing only in scale, not only on fringing reefs but also on barrier reefs and atolls. Understanding why such topography is regularly formed is one of the most important unresolved problems in coral reef geology.
Growth histories of coral reefs in the Ryukyu Islands from the Holocene to the present have been reconstructed based on core samples from both raised coral reefs in uplifted areas, and on recent reef flats in more stable regions (Konishi et al. 1983; Takahashi et al. 1988; Kan and Hori 1993; Yonekura et al. 1994; Kan et al. 1995 Kan et al. , 1997 Yamano et al. 2001b) . Like coral reefs in the tropics, those in the Ryukyu Islands grew remarkably during the postglacial sea-level rise and the ensuing stillstand. Most Japanese Holocene reefs began to develop from around 10,000 years before present (BP), which is later than the time of initiation of typical reefs in the tropics. Catch-up reef growth dominated from 10,000 to 6,000 years BP because of rapid sea-level rise. The reef crest structures grew quickly after this stage and caught up with the rate of sea-level change during the period from 6,000 to 4,000 years BP (Takahashi et al. 1988; Yamano et al. 2001a ). Construction of a shallow reef crest diversified the reef environment by the development of a wave-affected fore-reef, and a calm back-reef with a depressed topography in the form of a moat (Takahashi et al. 1988; Yamano et al. 2001a ). This growth history suggests that reef crests grow rapidly during periods of sea-level rise. Montaggioni (2005) reported this peculiar pattern not only from the Ryukyu Islands but also from the other parts of coral reef areas, e.g., Pointe-auSable reef, Mauritius, Indian Ocean (Montaggioni and Faure 1997) , Koror barrier reef, Palau, Western Pacific (Kayanne et al. 2002) , One Tree Reef, Central Great Barrier Reef (Marshall and Davies 1982) , Central area, Lord Howe Island, Tasman Sea, Western Pacific (Kennedy and Woodroffe 2000) , and Punta Islotes fringing reef, Costa Rica, Eastern Pacific (Cortés et al. 1994) .
The growth rate of reef crests and the development of other morphological characteristics of the reef systems would have been affected by calcification of coral reef biota, because the reef framework is made of carbonate skeletons precipitated by them. Recent scientific work has shown that calcification can be defined by a simple function relating to environmental parameters, such as light intensity (Chalker 1981) , and available chemical components (Gattuso et al. 1998a; Marubini and Thake 1999; Odhe and van Woesik 1999; Leclercq et al. 2000 Leclercq et al. , 2002 Langdon et al. 2000) . This study builds on that work, and proposes a model for coral reef growth that is based on calcification and other chemical and physical processes in the reef environment.
It is important that the effect of ''light-enhanced calcification'' by hermatypic corals Barnes and Chalker 1990) is included in the model. This phenomenon has been reported on the basis of observations carried out at different spatial scales; for example, a coral colony (Goreau 1959) , a coral community (Suzuki et al. 1995) , and a complete reef (Barnes and Devereux 1984) . Hermatypic corals are well known for their symbiosis with the dinoflagellate algae zooxanthellae. Incubation experiments suggest that photosynthesis by zooxanthellae enhances coral calcification (Goreau 1959; Gattuso et al. 1999) , although the calcification does not have such effect on the photosynthesis under inhibited calcification (Yamashiro 1995; Gattuso et al. 2000) . The photosynthesis of marine organisms is expressed by the following two equations:
and the calcification process can be expressed as follows:
The production of OH -during photosynthesis, as shown in Eq. (1), and of H + during calcification, as shown in Eq. (3), is significant, as discussed subsequently. Gattuso et al. (1999) reviewed investigations into photosynthesis-enhanced calcification by hermatypic corals and pointed out that the endodermal cell layer secretes OH -during photosynthesis and generates a pH gradient across the epithelial layer, with the endodermal side being alkaline. This OH -can neutralize the H + produced during coral calcification and accelerate the calcification. Although the interaction between calcification and endosymbiont photosynthesis remains unclear , it is generally accepted that photosynthesis and light availability are the main factors controlling the rate of calcification.
Another 2-] has been elucidated in laboratory experiments using the hermatypic corals Stylophora pistillata (Gattuso et al. 1998a) , Porites compressa (Marubini and Atkinson 1999) , and Porites porites (Marubini and Thake 1999) . This phenomenon has also been observed in coral reef communities (Suzuki et al. 1995; Langdon et al. 2000; Leclercq et al. 2000 Leclercq et al. , 2002 . Langdon et al. (2000) concluded that the W arag of the seawater can be correlated to the calcification rate of coral reef community in the Biosphere 2 ocean during short term (days) and long term (months to years). This result also supported that coral reef calcification is controlled by W arag (or [CO 3 2-]). Metabolism within active coral reef communities changes the composition of seawater carbonate species. The calcification reduces both the total amount of carbon and the alkalinity, resulting in a decrease of [CO 3 2-] and an increase in the fugacity of CO 2 (fCO 2 ) in seawater owing to a fall of pH. Gradients of pH, total carbon, total alkalinity, and fCO 2 were observed along transects across lagoons of the Palau Barrier Reef, Majuro Atoll, South Male Atoll (Suzuki et al. 1997; Suzuki and Kawahata 1999) , Great Barrier Reef (Kawahata et al. 2000) , and Palau barrier reef (Watanabe et al. 2006) . It is therefore possible that the rate of calcification is limited by the supply of CO 3 2-from the open ocean, because the [CO 3
2-] in seawater is reduced by calcification, and the calcification is reduced by the decrease of [CO 3
2-]. The above review shows that the primary factors controlling reef growth might be geochemical processes, such as diffusion of carbonate species and light-enhanced calcification. Previous authors, however, have not verified their ideas by using field data or computer simulations. Reconstruction of the growth history of reef topography and the distribution of carbonate species in seawater by using finite difference modeling methods are therefore an important advance.
The aims of this study were to test the hypothesis that basic Holocene reef morphological development can be explained by a limited set of linked fundamental process: light-enhanced calcification, eddy diffusion on chemical constituents in seawater, carbonate equilibrium, etc. To this end, this paper (1) proposes equations for photosynthesis and calcification rates of a coral community using data from in situ incubation on a coral reef, (2) constructs a geochemical model for coral reef formation incorporating reef growth and diffusion of inorganic carbon species, and (3) executes computer simulations of that model.
Materials and methods

Study area
The Shiraho coral reef, which is south of Ishigaki Island (24°22¢N, 124°15¢E) in the southwestern part of the Ryukyu Islands, Japan (Fig. 1) , was selected for this study. The climate of Ishigaki Island is subtropical. Most of the coast of Ishigaki Island is surrounded by fringing reefs that have well-developed reef-crest and moat topography. These features are also evident off the Shiraho area, where topographic zones are arranged parallel to the coastline. The width of the reef within the study area is about 700 m in the north and 1,000 m in the south, which is about the average width of Japanese coral reefs. Nakamori (1986) reported a zonation of coral communities concordant with topographic trends at this site.
Topography and coral communities
The characteristic reef flat (near shore) and reef slope (off shore) at the study site has been described in detail in a previous study (Nakamura and Nakamori 2006) . The reef flat is a horizontal plane with patches of coral and depressions shallower than 3 m depth. The reef slope is a steeply inclined plane extending from sea level to a depth of 30 m off Ishigaki Island. The reef flat can be divided into four subunits: a moat (shallow lagoon), an inner reef flat, a reef crest, and an outer reef flat (Fig. 2a) . Nakamura and Nakamori (2006) reported six coral communities in the study area ( Fig. 2b-d) , and, on the basis of cluster analysis, named them the ''massive PoritesGoniastrea aspera community'', ''Montipora stellata community'', ''branching Acropora community'', ''Montipora digitata community'', ''encrusting Acropora community'', and ''Pocillopora verrucosa -tabular Acropora community''.
Experimental design
For in situ incubation, a sealed aquarium (Fig. 3) was settled on the floor of the moat at a distance of 400 m from the shore (2.43 m deep) on the transect (Fig. 1) . The acrylic aquarium was a cuboid shape of 0.6 m length, 0.6 m width, and 0.3 m height. The seawater inside the aquarium could be exchanged by releasing the upper part of the aquarium from its base, to which it was attached by eight locks. Two rubber gloves were included in the design of the aquarium to allow access to enclosed equipment (Fig. 3) . The coverage of the hermatypic corals inside the aquarium was estimated from a sketch and some underwater photographs. Total alkalinity (A T ) and pH were measured to determine net photosynthesis and calcification rates (P n and G) of the coral community. Photon flux density (F P ) and the practical salinity of the seawater were measured simultaneously during the experiment. In some cases, the original author's symbols have been modified to be consistent with notation adopted. All symbols are listed in Table 1 .
The pH was reconstructed from voltage by using a pHC2001 electrode and PHM240 pH meter (Radiometer Analytical, France). The electrode was calibrated with NBSscale buffer solutions. Seawater A T was obtained using the pH method of Culberson et al. (1970) . Fifteen milliliters of 0.01 mol l -1 HCl solution was added to 50-ml filtered seawater samples, and the A T of the samples was then estimated from the pH values of the acidified sample. Sample temperature was kept constant at 25.0°C (=298.15 K) during pH and A T measurements by using a water bath. The standard deviation (1r) of the A T values obtained by this method by the previous authors was 4 lmol kg -1 (Suzuki and Kawahata 1999) . F P was measured with an MDS MkV/L photon sensor (Alec Electronics Co Ltd, Japan) at the observation site. The salinity of the seawater was obtained using an electrode conductivity salinometer MODEL 601 MK-IV (Yeo-Kal Electronics Pty Ltd, Australia).
Experiments to measure P n and G in the coral community during summer were carried out over 24 h from 0900 hours on 26 August to 0900 hours on 27 August 2004. Seawater samples (500 ml) were collected immediately before and after the experiment to determine the longterm salinity trend. The net photosynthesis and calcification rates (P n and G) of the communities in the aquarium were determined in this study by using the following procedure every 3 h over 24 h: (1) sampling of seawater in the aquarium in a cylindrical bottle, (2) isolation of the seawater in the aquarium from surrounding waters, (3) measurement of pH and A T of samples, (4) resampling of the 
Montipora digitata com.
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Goniastrea aspera com. seawater in the aquarium after 3 h, and (5) exchange of water in the aquarium with surrounding water. These steps were repeated every 3 h over 1 day (24 h). The interval of 3 h was chosen to minimize damage to the coral community during sealing of the aquarium, and to obtain adequate temporal sampling of the seawater chemistry. The pH and A T values of samples were measured within 1 h of sampling in a laboratory at Shiraho Village. The photon flux sensor was placed inside the aquarium (Fig. 3 ) to measure natural F P at 1-min intervals during the experiment.
Determination of P n and G Values of P n and G were determined using the alkalinity anomaly method of Smith and Key (1975) and Smith and Kinsey (1978) . Chisholm and Gattuso (1991) compared G measured by this method with values obtained by complexometric titration of Ca with EGTA and concluded that the alkalinity anomaly method is valid, especially for measuring G. In this method, P n and G values are obtained by solving simultaneous equations relating to a conservation law of A T and total carbon dioxide (C T ). C T is defined as the sum of concentrations of three carbonate species
, where CO 2 (aq)* is dissolved carbon dioxide). These concentrations and C T were calculated from equilibrium equations for pH and A T proposed by Suzuki et al. (1995) . The thermodynamic parameters of the first and second dissociation constants of carbonic acid (K 1 ¢ and K 2 ¢) (Mehrbach et al. 1973) , the dissociation constant of boric acid (K B ¢) (Lyman 1957) , total borate concentration (B T ) (Culkin 1965) , and the dissociation constant for water (K W ) and activity coefficient of hydrogen ions (f H ) of Culberson and Pytkowicz (1973) were adopted in this study. These constants were converted to the appropriate values considering the sample temperature (T = 298.15 K) and measured salinity. The G and P n values (lmol m -2 per unit time) for the community are given by:
and
where q W is density of seawater, H is height of the aquarium (H = 0.3 m), DA T /Dt is the change in A T in lmol kg -1 per unit time, and DC T /Dt is the change in C T in lmol kg -1 per unit time.
Results
Coverage and species composition
Total coverage of the hermatypic coral community in the aquarium was 20.7%. A. microphthalma (16.6%) was the species with the highest coverage. Montipora cactus (1.9%), Porites cylindrica (1.2%), and Montipora stellata (1.1%) were also present (Fig. 4 , Table 2 ). This combination of coral species is representative of a typical branching Acropora community on the inner reef flat (Fig. 2) .
Results of incubation experiments
Changes in pH, A T , and C T inside the aquarium before and after sealing at 3-h intervals are shown in Fig. 5 and Table 3. Three-hour averages of F P , G, P n , and concentrations of carbon species ([CO 2 (aq)*] and [CO 3 2-]) are shown in Fig. 6 and Table 3. The F P values obtained over the period from 0900 to 1500 hours on 26 August were high (about 4 mol m -2 h -1 ) and remained relatively high during the day. F P decreased during the evening, and was almost 0 mol m -2 h -1 through the night. It increased again at sunrise, indicating a typical diurnal variation. The P n value was highest (9,910 lmol m -2 h -1 ) between 0900 and 1200 hours on 26 August, and then gradually decreased.
It was negative during the night, reaching a minimum (-1,546 lmol m -2 h -1 ) between 1800 and 2100 hours. It returned to a positive value around sunrise, when F P also increased. The variation of G was similar to that of P n . Maximum G (4,169 lmol m -2 h -1 ) was observed between 0900 and 1200 hours, but it was low at almost 0 lmol m -2 h -1 during the night. [CO 2 (aq)*] decreased from 0900 to 1500 hours, and rose slowly during the afternoon and night. A small decrease was observed early in the morning of 27 August. The temporal change of [CO 3 2-] showed an inverse relationship with that of [CO 2 (aq)*].
Discussion
Models of photosynthesis and calcification
P n model
The trend of the temporal change of P n was very similar to that of F P (coefficient of determination r 2 = 0.75) (Fig. 6 ). P n is the difference between respiration rate (R) and gross photosynthesis (P g ):
Therefore, P n (or P g ) is clearly dependent on F P . This relationship has been well documented in studies of the production of coral colonies (Chalker 1981) , reefs (Barnes and Devereux 1984), and other photosynthetic organisms (Zimmerman et al. 1997; Martin et al. 2006 ). Acceleration of coral growth and photosynthesis rates because of increased levels of [CO 2 (aq)*] have been reported from experiments on diatoms (Riebesell et al. 1993) , green algae Halimeda (Borowitzka and Larkum 1976), giant algal coenocytes (Lucas 1975) , red algae (Borowitzka 1981) , red calcareous algae (Gao et al. 1993) , and sea grasses (Zimmerman et al. 1997 ). The P n value recorded between 1200 and 1500 hours on 26 August was much lower than that recorded between 0900 and 1200 hours on the same day, although F P values over the two periods were almost the same. It is interesting that a decrease in [CO 2 (aq)*] was observed over that time. The P n value between 1500 and 1800 hours on 26 August was also lower than that between 0600 and 0900 hours on 27 August, whereas F P during the former period was higher than that during the latter period. [CO 2 (aq)*] between 1500 and 1800 hours on 26 August was less than that between 0600 and 0900 hours on 27 August. These results strongly suggest that the P g rate is dependent on [CO 2 (aq)*].
It is here assumed that P g is proportional to both F P and [CO 2 (aq)*], because, as discussed above, it depends on both:
where k P is a constant. The P g -F P curve is usually composed of two phases: a linear phase at low F P ; and a constant phase, owing to saturation, at higher F P . In previous studies, P g was commonly fitted to the non-linear part of the function (Chalker 1981; Barnes and Devereux 1984; Zimmerman et al. 1997 ). The P g in this study was, however, assumed to be a linear function of F P , because the saturation levels were not observed in this study. Here, P n is derived by substituting P g from Eq. (8) in Eq. (7) on the assumption that R is constant. Thus,
Using the least-squares method (Fig. 7) , the two unknowns, k P and R, were determined as follows:
Units used for P n , F P , and [CO 2 (aq)*] in this model were lmol m -2 h -1 , mol m -2 h -1 , and lmol kg -1 , respectively. The coefficient of determination for the data of this study as described by Eq. (9) (r 2 = 0.87) (Fig. 7 ) suggests that this model for P n is valid.
G model
Because the temporal behavior patterns of G are similar to those of P n (= P g -R) (Fig. 6 ), G and P g should be expressed by similar equations. There is good correlation between G and P g (r 2 = 0.89). A similar positive correlation between G and P n (or P g ) for hermatypic corals has been reported by Suzuki et al. (1995) , Gattuso et al. (1999) , and Barnes and Devereux (1984) , and termed ''light enhanced calcification'' (Goreau 1959; Goreau and Goreau 1959; Barnes and Chalker 1990; Gattuso et al. 1999 Gattuso et al. , 2000 . A model where G is a function of P g is therefore adopted in this study.
The G is a function of W arag on the basis of coral incubation experiments. Values of G have previously been fitted to a non-linear W arag function of the saturation curve for the hermatypic coral Stylophora pistillata (Gattuso et al. 1998a) , to linear functions of W arag for both the hermatypic coral Porites porites (Marubini and Thake 1999) and a coral reef community (Odhe and van Woesik 1999; Leclercq et al. 2000 Leclercq et al. , 2002 . Langdon et al. (2000) found a similar linear relationship between G and W arag for a coral reef community during short-term (days) and longterm (months to years) experiments carried out in the Biosphere 2 ocean.
Although concentration had negligible effect on W arag . Thus, it was assumed that G is proportional to the product of P g and [CO 3 2-]:
where k G is a constant. The value of the coefficient k G was determined by using the least-squares method:
The units for G, P g , and [CO 3 2-] are lmol m -2 h -1 , lmol m -2 h -1 , and lmol kg -1 , respectively. The regression line (Fig. 8) 
where k = k P Ák G , and G is now expressed only in terms of physical and chemical parameters.
Model for coral reef formation
Calcification rate
The values of G given by Eq. (14) can be applied only to the calcification rate of the coral community in the aquarium, because the biomass within the community varies from place to place. Another equation must be developed that can be applied more generally. The calcification rate of coral communities may depend on the biomass per unit area, i.e., map view coverage. Therefore, the simple model that the calcification rate is proportional to coverage (Cov, %) is here proposed. The revised calcification rate (G¢) is a product of G and Cov:
where k¢ = k/20.7. The value of 20.7 in Eq. (15) is the actual coverage (%) obtained for the community in this study. The F P received by corals (Eq. 15) can be calculated only as a function of water depth (h). It decreases exponentially with increasing depth as follows:
where F P0 is the photon flux density at the sea surface, a is the albedo of seawater, and k is the absorption coefficient of seawater. The [CO 2 (aq)*] and [CO 3 2-] in Eq. (15) can be computed from C T , if some assumptions are made. Most decreases in C T are derived from calcification, because heterotrophic organisms living around the corals consume most of the organic matter, and because the P g /R ratio of the coral community is close to 1 (Odum and Odum 1955; Kinsey 1977; Crossland et al. 1991; Nakamori et al. 1992; Gattuso et al. 1998b) . So, it is assumed that all of the C T change is the result of calcification. The value of A T is given by the following equation:
where A T0 and C T0 are initial values of A T and C T , respectively. Using C T and A T computed from Eq. (17), [CO 2 (aq)*] and [CO 3 2-] can be computed by solving the equations in equilibrium (Suzuki et al. 1995) .
Modeling of Cov in Eq. (15) is difficult, because Cov is affected by damage from various sources, e.g., by bottom sedimentation, turbidity, and nutrients. However, coral coverage was observed to be lower in depressions than in other parts of the study area. A simple assumption that the coverage is 0% where the reef surface is depressed and 100% in other areas was introduced. This concept is expressed by the following conditions of depth (h):
where Ñh is the gradient of h, and Ñ 2 h is curvature of h. The surface is flat when Ñh equals 0; it is depressed if Ñ 2 h < 0. A simple function to describe coverage was defined as follows: 
where a, b, and c are constants. Furthermore, corals tend not to inhabit an environment shallower than the low-tide level, so the following condition was applied:
Thus, Cov is a function of h in this model. In conclusion, G¢ as given by Eq. (15) can be written as a simple function of two variables, i.e., h and C T .
Reef profile
Depth (h) is considered to influence various phenomena in a reef environment; for example, reef growth, sea-level change, and mass movement by erosion or deposition. Changes in h can be expressed by the following equation:
where x is a coordinate on the horizontal axis, V R is the growth rate of the reef, V S is the rate of sea-level rise, and D is a constant. The first term of right-hand side represents a decrease in h as a result of upward reef growth. The second term represents an increase in h as a result of sealevel rise. The last term has the effect of surface smoothing, and represents transportation of carbonate mass by erosion and secondary deposition. This term was proposed by Scheidegger (1970) by drawing an analogy between geomorphology and thermodynamics. The V R of Eq. (21) can be derived from the variable G¢ by using the following equation:
where M is molecular mass of CaCO 3 and q R is the density of the reef rock. Buddemeier and Smith (1988) concluded that the average value of q R within reef systems is 1.4 g cm -3 .
Distribution of C T
The distribution of C T in seawater in a reef environment may exhibit a complicated pattern, caused mainly by tidal effects. Total fluxes due to ebb and flow are the same. It implies that the averaged advection should be zero. If considered over long periods (years), and at large scale (meters to kilometers), the tidal effects can be represented by a simple eddy, and approximated by eddy diffusion. The C T distribution can then be determined using the following two-dimensional diffusion equation:
where x and y are coordinates on horizontal and vertical axes, and K x and K y are the horizontal and vertical eddy diffusion coefficients of seawater, respectively. The boundary condition between seawater and coral reef (y = h) is given by Fick's law of diffusion:
where G¢ is the C T flux as a result of calcification.
Simulations of coral reef formation
Computer simulations were carried out by applying the finite difference method on variables indicating space and time to the geochemical model for coral reef formation described above. Depth profiles given by Eq. (21) were calculated every 20 m along the x-axis (0 £ x £ 2,560 m). The initial profile of h is represented by an inclined flat plane (Fig. 9a) . The boundary conditions at x = 0 and x = 2,560 were chosen to satisfy ¶h/ ¶t = V S . The rate of sea-level rise, V S in Eq. (21) and in boundary conditions, was constant at 0.002 m year -1 . The calculations of C T distribution from Eq. (23) were carried out in two-dimensional space (2,560 · 16 m). Grid dimensions of 20 m horizontal (x) and 0.5 m vertical (y) were chosen to provide adequate resolution of a vertical cross-section of reef topography. The reef-seawater boundary was mapped onto the lattice shown in Fig. 10 and was updated for every output of topography in the simulation. The initial condition for C T of seawater was set at a homogeneous concentration of 2,000 lmol kg -1 (Fig. 9b) . Zero flux boundary conditions were applied at the atmosphereseawater and reef-seawater interfaces in the horizontal . The Dirichlet condition (C T = 2,000 lmol kg -1 ) was employed at the boundary 2,560 m distant from the shore, because C T in the offshore environment was assumed to be constant at around 2,000 lmol kg -1 (Fig. 9) . The period of the simulation step was set to 1.0 · 10 -6 years for the past 5,000 years. The values of other parameters used in the simulation are provided in Table 4 .
First, the effects of changing the eddy diffusion coefficient, K x , were examined. The topography at t = 5,000 years for the four cases of K x = 1.0 · 10 (Fig. 11) . The crest-like structure emerged for each of these simulations. The rate of reef deposition was higher when K x was higher. The gradient of the simulated C T at high K x was gentler than at low K x .
Oceanward gradients of pH, C T , A T and f CO 2 across lagoons as a result of calcification were observed at Palau Barrier Reef, Majuro Atoll, South Male Atoll (Suzuki et al. 1997; Suzuki and Kawahata 1999) , and the Great Barrier Reef (Kawahata et al. 2000) . In most cases, the values of C T in lagoons were lower than those in the adjacent open oceans. Watanabe et al. (2006) observed the two-dimensional vertical profiles of C T through the Palau barrier reef, and reported decreases from offshore to shore, and also from deep to shallow areas. In the model simulations of this study, C T also consistently decreased from offshore to shore, and from deep to shallow areas (Fig. 11b, d, f, h ).
In conclusion, the results of the modeling described here are supported by some of the reef system phenomena that have been observed in nature. For example, growth rates of coral reefs are generally faster on the windward side than on the leeward side (Hopley and Barnes 1985; Kan et al. 1997; Yamano et al. 2001a) . One of the most conspicuous difference between the windward and leeward environments is the level of hydrodynamics. In fact, wind-driven water circulation in coral reefs has been reported by Atkinson et al. (1981) and Yamano et al. (1998) . The circulation rate on the windward side, for example, is faster than that on the leeward side, and is considered to be the result of horizontal eddy diffusion. In the computer simulations of this study, reef development was greater when high K x values were used ( Fig. 11e-h ) because of the greater availability of carbon (high C T ). The difference in the degree of reef development from the windward to the leeward side of the reef may result from corresponding differences in diffusion rate and carbon supply. Figure 12 shows the evolution of the reef for the case where K x = 2.5 · 10 7 m 2 year -1 . Snapshots of the topography and C T distribution at 1,000-year intervals between t = 1,000 and t = 5,000 years are shown. The following process is evident in the series of simulations. The horizontal surface of the carbonate platform is constructed as sea-level rises over the first 2,000 years (Fig. 12a, c) . The C T gradient from offshore to shore becomes steeper over the first 3,000 years (Fig. 12b, d, f) . As a result, the nearshore growth rate of the reef falls (Fig. 12e) , and crest-like convex structures develop at around 3,000 years and persist in the ensuing years (Fig. 12g) . The seaward crest inhibits carbon supply to the moat and the C T gradient becomes progressively steeper from 4,000 to 5,000 years ( Fig. 12h, j) . The growth rate of the seaward crest remains high during this period, because this area receives enough light and carbon to maintain rapid growth. At the same time, the growth rate of the moat decreases because of a lower supply of light and carbon. Finally, after 5,000 years, both the seaward crest and the moat are clearly defined as a result of these geochemical processes (Fig. 12i) . Takahashi et al. (1988) reconstructed reef growth during the Holocene sea-level change at Kume Island, in the Ryukyu Islands, on the basis of radiometric ages obtained from core samples. They proposed five phases: (1) the initial reef phase (7,400-7,000 years BP), (2) the juvenile phase (7,000-6,000 years BP), (3) the crest growth phase (6,000-5,500 years BP), (4) the back-reef growth phase (5,500-5,000 years BP), and (5) the fore-reef growth phase (5,000-2,000 years BP). In their study, reef growth in most areas kept up with the rise in sea level, resulting in a lack of differentiation between the moat and the crest during the phase (1) to the phase (2). A distinct crest developed rapidly during the phase (3), when the moat was also constructed. The sea-level rise has finally stopped, and back-reef and for-reef were developed during the phase (4) to the phase (5). The results of the simulations are almost identical to the phases (1), (2) and (3), when setting of the simulation for sea-level and actual pattern are almost the same. It is also worthy of note that the patterns of reef growth shown in the simulations of this study (Fig. 12 ) during sea-level rise are very similar to those observed in nature.
This model accurately reconstructed the growth history of the Holocene reef system in Ryukyu Islands. The model, therefore, has potential applications within a range of reef studies in many different geographical contexts. For example, it is considered that the model could be used to reconstruct the Holocene histories of many reef systems worldwide, and the timing of their effects on coastal Concentrations of total carbon dioxide (CT) Water depth (h) Fig. 11 Morphological changes in coral reef topography (a, c, e, and g) and concentration of total carbon dioxide (b, d, f, and h) obtained from simulations varying horizontal diffusion coefficients. Intervals between simulations were 5,000 years hydrodynamics. Or, the geochemical model, together with reef framework and topography, could be used to constrain reconstructions of sea-level history. 
